Desiccation cracking of cohesive soils is the development of cracks on the soil surface as a result of a reduction in the soil moisture content. The decrease in soil surface area owing to the desiccation of cohesive soils has an undesirable impact on the mechanical, hydrological, thermal, and physico-chemical properties. Many efforts have been made to improve the desiccation crack resistance of cohesive soils, but the current solutions raise a number of environmental issues, increasing the demand for sustainable soil improvement alternatives. Therefore, the main objective of this study is to investigate novel eco-friendly soil improvement techniques, such as recycled carpet fibers and a gelatin-based bioplastic, and their effect on desiccation cracking in cohesive soils. The improvement of soil crack resistance was studied by conducting desiccation cracking tests on plain and improved soils. In addition, image processing was conducted to quantitatively describe the effect of soil improvement type on the geometrical characteristics of crack patterns. Each soil improvement technique enhanced the soil strength and reduced cracking at room temperature, at an elevated temperature, and when subjecting to cyclic wetting and drying. The addition of bioplastics proved to be the most effective solution, thus demonstrating a viable option to advance future sustainable engineering practices.
Introduction
Desiccation cracking is the development of cracks at the soil surface and throughout the depth of a cohesive soil layer as a result of soil shrinkage due to the reduction of the water content through solar radiation or vegetation absorption. The desiccation of cohesive soils leads to an undesirable impact on the mechanical, hydrological, thermal, and physico-chemical soil properties. For instance, desiccation cracking can lead to decreased soil strength which in turn can cause uneven settlement and catastrophic failures in structures of all types. In addition, this type of soil cracking results in a dramatic increase in the permeability of clayey soils. The increase in soil permeability is particularly problematic when the clay is used as a liner for both landfills and hazardous waste storage [1] . Therefore, the prevention of desiccation cracking is of significant importance to safety, structural, and environmental issues.
Due to the lack of an accepted American Society for Testing and Materials (ASTM) standard, desiccation tests have been conducted in a variety of ways with different boundary conditions, specimen geometry, and properties measured [1] [2] [3] [4] [5] . By utilizing a bar of clay seated on a grooved plate, the cracks only propagate in that same direction, creating a series of parallel cracks that can be easily analyzed for aperture and spacing [3] . More realistic two-dimensional (2D) cracking patterns can be obtained as a result of a complete horizontal constraint, allowing for crack intersections to be studied [1] . Therefore, it can be deduced that the geometry of the crack pattern depends strongly on the nature of the boundary strength [7] . In addition, polypropylene fibers have been utilized to reinforce clay liners, leading the liners to be more rigid in compression and more ductile in tension [11] . The soils treated with fibers have also been shown to perform better than unreinforced soils when exposed to wetting and drying cycles [20] .
Other forms of industrial waste have been examined as potential soil improvement techniques [11, 12, 21, 22] . Fly ash has shown the ability to reduce plastic strain in clay soils when exposed to freeze-thaw cycles [12] . In addition, fly ash has been shown to increase compressive strength and produce similar behavioral trends to Portland cement [11] . The use of limestone waste has been shown to reduce the swelling properties of soil, producing a more compact microstructure when examined using SEM imaging [21] . Milled brick debris has also been shown to improve the compressive strength of soils when tested using the unconfined compression test [22] .
This study seeks to investigate novel eco-friendly soil improvement techniques and their effect on the desiccation cracking behavior of soils. Three sustainable soil improvement techniques were tested, including fly ash, recycled carpet fibers, and bioplastic. Both recycled carpet fibers and fly ash were considered sustainable materials under the idea that repurposed industrial waste is a sustainable material. Numerous studies have been conducted investigating the effects eco-friendly additives have on soil strength and swelling properties, yet their effect on the crack resistance of cohesive soils has been largely under-investigated. To date, neither recycled carpet fibers nor bioplastics have been examined as a potential solution to desiccation cracking and their effectiveness is presented in this research. This is also the first study to compare these techniques at two different temperatures and to subject them to cyclic wetting and drying. Consequently, a comparative analysis of the mentioned improvement techniques' effectiveness has not been completed. A qualitative analysis was conducted by analyzing the geometric characteristics of cracking patterns in the plain and improved soil samples. The quantitative analysis was completed using an original code powered by MATLAB's image analysis software before performing image matrix operations in a Visual Basic for Applications (VBA) program. The utilized image analysis process is simple and inexpensive due to the widespread public familiarity and access of both VBA and MATLAB. A comparative analysis of the soil improvement techniques was completed using the area reduction factor (ARF), average crack width (w avg ) and maximum crack width (w max ) of the treated and non-treated cohesive soil samples.
Materials and Methods

Materials
Base Soil
The base soil material used for experimentation was residual Piedmont soil that had been sieved through the No. 40 sieve (0.425 mm). Piedmont soils have the reputation of not being particularly well categorized by the Unified Soil Classification System (USCS) [23] . The soil behaves almost as a hybrid soil type, exhibiting characteristics of the fine-grained silt in undrained conditions and the coarse-grained soil silty sand in drained conditions when loading is applied [23] . Figure 1 depicts the grain size distribution curve for the base soil. The soil was tested for its Atterberg Limits in accordance with ASTM D4318 [24] and the liquid limit and plasticity Index were determined to be 49 and 20, respectively. Therefore, according to the USCS, the fine particles are classified as silt with low plasticity. The overall classification of residual Piedmont soil that was used in this study was well-graded sand with silt (SW-SM). 
Soil Improvement Types
In this study, the three additives investigated as strengthening agents were fly ash, recycled polyester carpet fibers, and bioplastic, as well as a fly ash-fiber combination. The first tested improvement technique was Class C fly ash. This is the light weight waste produced by burning pulverized coal. It has cementitious qualities and is often used as an additive during the concrete mixing procedure. The fly ash addition was 15% based on the dry weight of the soil.
The next soil improvement technique was introducing recycled polyester carpet fibers to the soil samples. The polyester fibers were short straight fibers manufactured by Beaulieu of America, USA, and had a length of 50 mm and a diameter of 0.07 mm (aspect ratio of 714). The density of the polyester fibers was 1.38 g/cm 3 (20 °C), and the volumetric fiber content was one per cent.
A combination of the Class C fly ash and the carpet fibers was also tested as an improvement technique. The base material and fly ash were mixed first, where the fly ash addition was 10% based on the dry weight of the soil. After the initial dry mixture was complete, polyester fiber was added until the sample contained 0.5% fibers by volume. All the addition rates of fly ash and carpet fibers were determined by a critical and extensive review of the existing literature, and preliminary laboratory mix design testing.
The final soil improvement technique analyzed was a gelatin-based bioplastic. The gelatin-based bioplastic concentration was 8%. To achieve this, for every 500 grams of base material used, 44 grams of water, 30 grams of vinegar, 7.2 grams of gelatin, and three grams of glycerin were mixed together. To prepare the gelatin-based bioplastic, the water was boiled on a hot plate, with the gelatin being slowly added to prevent clumping. The vinegar and glycerin were then subsequently slowly mixed into the final blend. After thoroughly mixing all of the components, bioplastic was added to the base material sample soil and mixed again, until the homogenous soil-bioplastic mixture was achieved. 
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Methods
Desiccation Test
The desiccation crack test was performed on improved and non-improved soil specimens. The purpose of the desiccation test was to study the cracking behavior of a soil sample as the sample reduces the moisture content and dehydrates. The samples were prepared by first mixing all the dry components (base soil, fly ash, fibers) together for a few minutes and then water was added to raise the water content to the desired level of 25%. The bioplastic-treated sample was prepared in the manner described in the materials section. Once thoroughly mixed, the soil specimens were manually placed into the cylindrically-shaped, lubricated stainless-steel molds and lightly smoothed to have a uniform clay thickness of 20 mm. The inner diameter of the mold was 230 mm.
In order to study the temperature effect on the desiccation crack cracking and soil-improvement type, two different types of desiccation tests were performed: standard and accelerated. During the standard test, the sample was allowed to dry at constant room temperature (20 • C) and humidity (80%) for 24 straight hours. Each soil sample was tested under the same conditions. The samples were consistently monitored for the first eight hours and then a final check was performed at the 24-h mark. For the accelerated test, the samples were heated in the oven at 105 • C for two hours before rewetting the sample and completing the process for another two hours. Every fifteen minutes, the soil sample was carefully removed for image acquisition and then immediately replaced in the oven. After two hours, water was slowly poured over the sample until the initial water content was reached. The sample was then placed into the oven and allowed to dry for another two hours, with continued monitoring and image acquisition every 15 min.
Image Acquisition and Processing
The digital images of the soil samples were taken at fixed time increments using a stand held at a constant position for image consistency and uniformity. The camera was placed on a stand 46 cm tall that was fixed over the center of the clay sample. The image acquisition time frame increments were 15 and 120 min for the standard test and accelerated tests, respectively. For each image, the number of cracks in the specimen with a length of at least one centimeter was counted and recorded.
The digital image acquisition was followed by image processing to identify each constitutive component (cracks, fibers, and soil matrix) and, finally, a quantitative analysis of the crack geometric properties within the sample. In order to do so, the original MATLAB code was developed in this study. The image processing program consisted of six major steps to achieve the desired crack parameters.
The first step, image conversion, converted the original digital image (Figure 2a ) first into a grayscale image and then further still into a binary image ( Figure 2b ). The second step was segmentation which isolated the clay surface and removed blemishes from the indentations in the clay surface ( Figure 2c ). The image was then given real dimensions by converting a known distance in the image to a pixel distance, giving the image data context. The surface area of each specimen was collected and the initial area (Area i ) for each specimen was stored and compared to each subsequent image. The change in the area at each stage (∆Area) in comparison with the initial area (Area i ) was used to determine the ARF:
To accurately analyze the crack parameters, the binary image of the crack needed to be isolated such that the desiccation crack was the only black portion of the image remaining ( Figure 2d ). This final image was analyzed using a VBA code to return values for the maximum crack width (w max ) and the average crack width (w avg ). To accurately analyze the crack parameters, the binary image of the crack needed to be isolated such that the desiccation crack was the only black portion of the image remaining ( Figure 2d ). This final image was analyzed using a VBA code to return values for the maximum crack width (wmax) and the average crack width (wavg). 
Results
Using the data obtained from the image analysis, the performance of each soil improvement technique was examined. The final crack count, wavg, and wmax were recorded at each time frame during the accelerated desiccation test. In general, the cracks developed rapidly, with the samples often going from no cracks to a fully-realized crack network in one photocycle (15 minutes time frame). The development of the desiccation cracking throughout the first drying cycle of the accelerated test can be seen in Figure 3 . The figure shows that the cracking pattern of the base soil sample propagated in a three-pronged, letter Y-like shape (Figures 3 and 4 ). However, the specimens with the ash and fibers sometimes deviated from this shape. Once the samples with the added fiber cracked in the second cycle, they took on a more circular manner like the letter C with smaller segments radiating out to the edges ( Figure 5 ). This was most likely due to the transverse isotropic fiber distribution as a result of the clay mixing process. As the clay was mixed in a circular motion, many of the fibers became orientated in the same pattern. Consequentially, the cracks formed parallel to the fiber alignment because of the lack of reinforcement oriented perpendicular to the crack. The fly ash samples tended to have a more lopsided shape and propagated in a more clustered manner. 
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For the standard desiccation test, only the ARF results were recorded for each chronologic digital image due to crack propagation not occurring at room temperatures during the first eight hours of the testing process. The final crack count, w avg , and w max were recorded at the 24-hour mark.
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The crack count was recorded in order to quantitatively analyze the crack network morphology. The crack count data for the accelerated desiccation test can be seen in Figure 7 . The figure shows that in the first drying cycle (Figure 7a ), no cracks developed in the samples mixed with the bioplastic and with the carpet fibers only. In the samples where cracks did develop, they generally appeared between the 15-and 30-minute marks. After the rewetting process (Figure 7b ), the bioplasticimproved soil sample was the only sample that did not develop any desiccation cracks. Each of the other additives developed more cracks than the base soil at the end of the second drying cycle. After rewetting, the timing of crack formation varied to a much greater degree with the plain soil cracking after 15 minutes, the fiber-aided soil cracking after 30 minutes, the fly ash sample developing cracks at the 45-minute mark, and the hybrid additive preventing cracking up until 75 minutes after rewetting occurred. The wavg was calculated so that each soil improvement method's ability in solely reducing crack growth could be examined. The effect of the different soil improvement type on the wavg for the standard desiccation test can be seen in Figure 8 . The average crack width after 24 hours for the base soil was found to be 1.59 mm. The sample with fly ash showed almost no improvement over the plain specimen. The samples improved with only carpet fibers and the carpet fibers-fly ash combination The crack count data for the accelerated desiccation test can be seen in Figure 7 . The figure shows that in the first drying cycle (Figure 7a ), no cracks developed in the samples mixed with the bioplastic and with the carpet fibers only. In the samples where cracks did develop, they generally appeared between the 15-and 30-min marks. After the rewetting process (Figure 7b ), the bioplastic-improved soil sample was the only sample that did not develop any desiccation cracks. Each of the other additives developed more cracks than the base soil at the end of the second drying cycle. After rewetting, the timing of crack formation varied to a much greater degree with the plain soil cracking after 15 min, the fiber-aided soil cracking after 30 min, the fly ash sample developing cracks at the 45-minute mark, and the hybrid additive preventing cracking up until 75 min after rewetting occurred. The crack count data for the accelerated desiccation test can be seen in Figure 7 . The figure shows that in the first drying cycle (Figure 7a ), no cracks developed in the samples mixed with the bioplastic and with the carpet fibers only. In the samples where cracks did develop, they generally appeared between the 15-and 30-minute marks. After the rewetting process (Figure 7b ), the bioplasticimproved soil sample was the only sample that did not develop any desiccation cracks. Each of the other additives developed more cracks than the base soil at the end of the second drying cycle. After rewetting, the timing of crack formation varied to a much greater degree with the plain soil cracking after 15 minutes, the fiber-aided soil cracking after 30 minutes, the fly ash sample developing cracks at the 45-minute mark, and the hybrid additive preventing cracking up until 75 minutes after rewetting occurred. The wavg was calculated so that each soil improvement method's ability in solely reducing crack growth could be examined. The effect of the different soil improvement type on the wavg for the standard desiccation test can be seen in Figure 8 . The average crack width after 24 hours for the base soil was found to be 1.59 mm. The sample with fly ash showed almost no improvement over the plain specimen. The samples improved with only carpet fibers and the carpet fibers-fly ash combination The w avg was calculated so that each soil improvement method's ability in solely reducing crack growth could be examined. The effect of the different soil improvement type on the w avg for the standard desiccation test can be seen in Figure 8 . The average crack width after 24 h for the base soil was found to be 1.59 mm. The sample with fly ash showed almost no improvement over the plain specimen. The samples improved with only carpet fibers and the carpet fibers-fly ash combination developed Sustainability 2019, 11, 5806 9 of 14 cracks with smaller average widths of approximately 0.9 mm at the end of testing. The sample with the bioplastic had no average crack width as it did not develop cracks during the standard desiccation test. The effect of different soil improvement types on the wavg for the accelerated desiccation test is depicted in Figure 9 . The average crack width at the end of the wetting and drying process for the base soil was found to be 1.54 mm (Figure 9b ). The samples with fly ash and carpet fibers showed almost no improvement in comparison with the non-treated soil. The samples with carpet fibers-fly ash combination developed cracks with smaller average widths at the termination point. The sample with the bioplastic did not develop cracks during the test and therefore had no average crack width. It is worth noting that the crack width after rewetting was assumed to be zero. Though some soil damage can be observed, the full depth cracks were not present at the time. In addition, in some time periods, the average crack width was shown to decrease. This was not due to the cracks shrinking, but as a result of the image processing software reading darker, wet spots in the soil near the cracks as parts of the actual crack. As the soil dried out more, the wet spots disappeared, causing the cracks to appear to be narrowing. The effect of different soil improvement types on the w avg for the accelerated desiccation test is depicted in Figure 9 . The average crack width at the end of the wetting and drying process for the base soil was found to be 1.54 mm (Figure 9b ). The samples with fly ash and carpet fibers showed almost no improvement in comparison with the non-treated soil. The samples with carpet fibers-fly ash combination developed cracks with smaller average widths at the termination point. The sample with the bioplastic did not develop cracks during the test and therefore had no average crack width. It is worth noting that the crack width after rewetting was assumed to be zero. Though some soil damage can be observed, the full depth cracks were not present at the time. In addition, in some time periods, the average crack width was shown to decrease. This was not due to the cracks shrinking, but as a result of the image processing software reading darker, wet spots in the soil near the cracks as parts of the actual crack. As the soil dried out more, the wet spots disappeared, causing the cracks to appear to be narrowing. The effect of different soil improvement types on the wavg for the accelerated desiccation test is depicted in Figure 9 . The average crack width at the end of the wetting and drying process for the base soil was found to be 1.54 mm (Figure 9b ). The samples with fly ash and carpet fibers showed almost no improvement in comparison with the non-treated soil. The samples with carpet fibers-fly ash combination developed cracks with smaller average widths at the termination point. The sample with the bioplastic did not develop cracks during the test and therefore had no average crack width. It is worth noting that the crack width after rewetting was assumed to be zero. Though some soil damage can be observed, the full depth cracks were not present at the time. In addition, in some time periods, the average crack width was shown to decrease. This was not due to the cracks shrinking, but as a result of the image processing software reading darker, wet spots in the soil near the cracks as parts of the actual crack. As the soil dried out more, the wet spots disappeared, causing the cracks to appear to be narrowing. The effect of the different soil improvement types on the maximum crack width, w max for the standard desiccation test can be seen in Figure 10 . The reasons for finding the maximum crack width in each sample were twofold. First, the wider cracks have a greater potential to cause structural damage, meaning the maximum crack width represents the greatest potential for failure. Second, it provides context for the average crack results. For example, the fly ash sample possessed a w avg similar to that of the untreated soil, however, the w max of the fly ash was approximately 2 mm greater than the base soil. This suggests that the fly ash most likely had a segment with an abnormally large crack with the remainder of the cracks being narrower than the cracks in the base soil. The maximum crack width at the end of the test for the base soil was found to be 4.11 mm. The sample with fly ash developed a crack system with a wider maximum crack width than the base clay (6.32 mm). The samples with just carpet fibers and the carpet fibers plus fly ash developed cracks with significantly smaller maximum widths of approximately 2.08 mm and 2.38 mm, respectively, at the end of testing. Again, the sample treated with the gelatin-based bioplastic never cracked during the desiccation test. The effect of the different soil improvement types on the maximum crack width, wmax for the standard desiccation test can be seen in Figure 10 . The reasons for finding the maximum crack width in each sample were twofold. First, the wider cracks have a greater potential to cause structural damage, meaning the maximum crack width represents the greatest potential for failure. Second, it provides context for the average crack results. For example, the fly ash sample possessed a wavg similar to that of the untreated soil, however, the wmax of the fly ash was approximately 2 mm greater than the base soil. This suggests that the fly ash most likely had a segment with an abnormally large crack with the remainder of the cracks being narrower than the cracks in the base soil. The maximum crack width at the end of the test for the base soil was found to be 4.11 mm. The sample with fly ash developed a crack system with a wider maximum crack width than the base clay (6.32 mm). The samples with just carpet fibers and the carpet fibers plus fly ash developed cracks with significantly smaller maximum widths of approximately 2.08 mm and 2.38 mm, respectively, at the end of testing. Again, the sample treated with the gelatin-based bioplastic never cracked during the desiccation test. The maximum crack widths over both drying cycles for each soil improvement type are shown in Figure 11 . Each of the additives reduced the maximum crack width at the end of the testing process in comparison to the base soil but to varying degrees. Again, the sample with the gelatin-based bioplastic exhibited no changes and no cracking occurred. The samples with each of the fly ash only and the recycled carpet fiber showed approximately the same level of maximum crack width reduction, while the sample with the combined additives provided further crack reduction. In the second cycle, the plain soil's maximum crack width exhibited the same soil drying phenomenon that affected the average crack width results and led to the appearance of crack narrowing. The maximum crack widths over both drying cycles for each soil improvement type are shown in Figure 11 . Each of the additives reduced the maximum crack width at the end of the testing process in comparison to the base soil but to varying degrees. Again, the sample with the gelatin-based bioplastic exhibited no changes and no cracking occurred. The samples with each of the fly ash only and the recycled carpet fiber showed approximately the same level of maximum crack width reduction, while the sample with the combined additives provided further crack reduction. In the second cycle, the plain soil's maximum crack width exhibited the same soil drying phenomenon that affected the average crack width results and led to the appearance of crack narrowing. The ARF parameter was introduced to quantitatively measure the effectiveness of each soil improvement technique in reducing desiccation cracking as well as the overall soil shrinkage. The efficacy of the respective additives for the standard desiccation test can be seen in Figure 12 . The figure shows that the base material exhibits the greatest ARF and the bioplastic exhibits virtually no shrinkage and did not crack after 24 hours. Even though no cracks developed in any specimens until the 24-hour mark, the samples still had ARF values due to lateral shrinkage of the samples before cracking. By analyzing the images, it was determined that the variations in the short-term were caused by discoloration in the clay surface as a result of uneven drying. For the accelerated desiccation test, the results from before and after the rewetting process were analyzed. The ARF data for both the initial drying cycle and the drying cycle after rewetting are displayed in Figure 13 a and b, respectively. The results showed that the samples including the fly ash provided little improvement when exposed to higher temperatures. Again, the sample mixed with the gelatin-based bioplastics showed no change in the surface area even when exposed to higher temperatures. The ARF parameter was introduced to quantitatively measure the effectiveness of each soil improvement technique in reducing desiccation cracking as well as the overall soil shrinkage. The efficacy of the respective additives for the standard desiccation test can be seen in Figure 12 . The figure shows that the base material exhibits the greatest ARF and the bioplastic exhibits virtually no shrinkage and did not crack after 24 h. Even though no cracks developed in any specimens until the 24-h mark, the samples still had ARF values due to lateral shrinkage of the samples before cracking. By analyzing the images, it was determined that the variations in the short-term were caused by discoloration in the clay surface as a result of uneven drying. The ARF parameter was introduced to quantitatively measure the effectiveness of each soil improvement technique in reducing desiccation cracking as well as the overall soil shrinkage. The efficacy of the respective additives for the standard desiccation test can be seen in Figure 12 . The figure shows that the base material exhibits the greatest ARF and the bioplastic exhibits virtually no shrinkage and did not crack after 24 hours. Even though no cracks developed in any specimens until the 24-hour mark, the samples still had ARF values due to lateral shrinkage of the samples before cracking. By analyzing the images, it was determined that the variations in the short-term were caused by discoloration in the clay surface as a result of uneven drying. For the accelerated desiccation test, the results from before and after the rewetting process were analyzed. The ARF data for both the initial drying cycle and the drying cycle after rewetting are displayed in Figure 13 a and b, respectively. The results showed that the samples including the fly ash provided little improvement when exposed to higher temperatures. Again, the sample mixed with the gelatin-based bioplastics showed no change in the surface area even when exposed to higher temperatures. For the accelerated desiccation test, the results from before and after the rewetting process were analyzed. The ARF data for both the initial drying cycle and the drying cycle after rewetting are displayed in Figure 13 a and b, respectively. The results showed that the samples including the fly ash provided little improvement when exposed to higher temperatures. Again, the sample mixed with the gelatin-based bioplastics showed no change in the surface area even when exposed to higher temperatures. Sustainability 2019, 11, x FOR PEER REVIEW 12 of 14 (a) (b) Figure 13 . The effect of the soil improvement type on the ARF in the accelerated test: a) first drying cycle; b) second drying cycle.
Conclusions
The main aim of this research is the development of novel, eco-friendly soil improvement techniques and the investigation of their effect on the desiccation cracking behavior. In particular, three different sustainable soil improvement types were investigated, namely, fibers, bioplastics, and fly ash, along with a fly ash-fiber hybrid. The effect on the cohesive soils' crack resistance from the addition of a bioplastic and recycled carpet fibers were examined for the first time. In addition, the effectiveness of the techniques for crack resistance were examined at different temperatures and when subjected to cyclic wetting and drying for the first time.
A qualitative analysis was conducted by analyzing the geometric characteristics of the cracking patterns in the plain and sustainably improved soil samples. It was completed using an original code powered by MATLAB's image analysis software before performing image matrix operations in VBA program. MATLAB's image processing software proved to be a powerful tool in quantifying the 2D cracking behavior of the clay soils. By converting photos of the clay samples into representative matrices, each sample's crack geometry could be quickly and accurately attained. This is a vast improvement over the time consuming, expensive, and mostly inaccurate manual methods that have been employed to measure cracking behavior.
The ARF provided a comparative measurement that incorporated surface area change due to cracking as well as global shrinkage of the clay samples. The average crack width and maximum crack width data further described the crack geometry and each improvement techniques' effectiveness in reducing the scope of desiccation cracking. The bioplastic proved to be the most effective technique, completely preventing cracking and surface area reduction at room temperature, elevated temperatures and when subjected to a wetting and drying cycle. The fly ash treatment was able to reduce the width of the cracks when subjected to increased temperature but supplied little improvement over the untreated soil in terms of the total surface area reduction. Conversely, when dried slowly at room temperature, the same treatment technique yielded wider cracks than the base soil, but did show a 25% improvement in terms of ARF. The fiber-reinforced samples showed a sustained decrease in the crack size in each scenario, except for when the sample was being dried a second time after the rewetting process. At that point, the fiber-reinforced soil showed little improvement in minimizing the crack size, but still reduced ARF by 60%. The sample treated by the fiber-fly ash combination significantly decreased the size of cracks in all scenarios. However, this treatment showed little improvement over the base soil when subjected to a higher temperature with regards to the ARF. In addition, the combination fared worse than the soil treated solely by fibers. The behavior of the fly ash treated samples and the combined sample suggests that fly ash loses its effectiveness when subjected to higher temperatures. 
The ARF provided a comparative measurement that incorporated surface area change due to cracking as well as global shrinkage of the clay samples. The average crack width and maximum crack width data further described the crack geometry and each improvement techniques' effectiveness in reducing the scope of desiccation cracking. The bioplastic proved to be the most effective technique, completely preventing cracking and surface area reduction at room temperature, elevated temperatures and when subjected to a wetting and drying cycle. The fly ash treatment was able to reduce the width of the cracks when subjected to increased temperature but supplied little improvement over the untreated soil in terms of the total surface area reduction. Conversely, when dried slowly at room temperature, the same treatment technique yielded wider cracks than the base soil, but did show a 25% improvement in terms of ARF. The fiber-reinforced samples showed a sustained decrease in the crack size in each scenario, except for when the sample was being dried a second time after the rewetting process. At that point, the fiber-reinforced soil showed little improvement in minimizing the crack size, but still reduced ARF by 60%. The sample treated by the fiber-fly ash combination significantly decreased the size of cracks in all scenarios. However, this treatment showed little improvement over the base soil when subjected to a higher temperature with regards to the ARF. In addition, the combination fared worse than the soil treated solely by fibers. The behavior of the fly ash treated samples and the combined sample suggests that fly ash loses its effectiveness when subjected to higher temperatures.
The results included in this paper are part of a larger research project examining the viability of novel sustainable soil improvement techniques. Moving forward, more research into sustainable desiccation crack reduction is warranted. Based on the success in this investigation, other recycled fibers should be studied to determine their viability. Due to the bioplastic's overwhelming performance as a crack propagation reducer, biopolymers that behave similarly to the bioplastic, such as guar gum and xanthan gum, should be closely examined as potential solutions to desiccation cracking. 
